Abstract Consideration of postnatal population-based genetic screening programs is becoming increasingly common. Assessing the medical and psychosocial impacts of this can be particularly complex for genetic conditions with variable phenotypes, especially when outcomes may be more related to quality of life rather than reducing physical morbidity and mortality. In this article, we present a framework for assessing these impacts, by comparing diagnosis and non-diagnosis at different age points. We use the example of Klinefelter syndrome, a common yet frequently under-diagnosed genetic condition for which interventions are available. This framework can be used to supplement established screening guidelines and inform decision-making.
Background
Rapid advances in both our understanding of the genetic contribution to various diseases and in genetic technology have increased the scope for genetic testing. In the past, such testing has usually been performed to elucidate a diagnosis for a symptomatic individual, or to provide a strong prediction of disease risk where effective interventions for prevention, treatment or surveillance exist. However, our expanding genetic knowledge means that a test result may now provide only a spectrum of individual lifetime possibilities, sometimes in a currently asymptomatic individual.
In this context, the opportunity to undertake postnatal, population-based genetic screening for phenotypically variable conditions is becoming more common (Godard et al. 2003) . The balance of risks and benefits of diagnosing such a condition in these situations is not always clear, and pressing questions arise as to when it is socially and ethically appropriate to screen. The consequences of diagnosis can be difficult to quantify when clinical presentation is highly variable between individuals. In this setting, the goals of diagnosis through screening shift away from minimising mortality and severe medical consequences, to less tangible outcomes such as decreasing psychological morbidity, preventing less severe medical consequences, and ultimately, towards maximising quality of life (QoL).
Klinefelter syndrome (KS) is one such phenotypically variable, non life-threatening condition, for which population screening could be considered. Using the case of KS, we present here a framework for systematically organising the information needed to address these questions. As such, this article addresses the underlying principles involved in diagnosing such a condition through population screening, as opposed to the technicalities and logistic considerations of screening for a chromosomal disorder. We believe that this approach will be useful for framing the complexities associated with other genetic or genetically influenced conditions.
Klinefelter syndrome
The following features make the decision to undertake population screening for KS a complex issue, requiring a holistic consideration of both medical and psychosocial impacts:
& A variable phenotype, ranging from "near-normal" (or seemingly clinically benign) to significantly affected & A strong psychosocial component, also variable but not usually including intellectual disability & Interventions of uncertain benefit, available from early childhood but for which the effect on later outcomes has not been fully established KS is a common genetic condition (47XXY) affecting males with an estimated prevalence of 1:660 (Bojesen et al. 2003 )-equating to over 640,000 males with KS across Europe. The additional X chromosome results in a spectrum of clinical features ranging from infertility, small testes, testosterone deficiency, breast development, and decreased facial and pubic hair, to varying levels of specific cognitive, social, behavioural and learning difficulties (Simpson et al. 2003) . Despite these features, up to 70% of KS remains undiagnosed and of those that are detected, diagnosis is not usually made until later in adulthood (Bojesen et al. 2003) . As only the most florid cases tend to be detected by current postnatal surveillance (Abramsky and Chapple 1997) , this may lead to the perception that KS is rare and that all patients exhibit a 'classic textbook' phenotype. In actuality, the only consistent finding is small testes (Smyth and Bremner 1998) , which often escapes detection highlighting the low prevalence of male genital examinations in routine health care (Handelsman and Liu 2006) . In addition to low awareness of the condition amongst health professionals, lack of diagnosis has also been attributed to the sometimes subtle clinical picture and the small fraction of affected men who seek medical attention (Lanfranco et al. 2004) .
Since it was first described in 1942 by Dr Harry Klinefelter, early detection of KS has been advocated for, based on the hypothesis that treatment and intervention at the appropriate ages and stages of development would result in better health and QoL outcomes in adulthood, even for individuals presenting at the less severe end of the spectrum. Learning, speech and behavioural therapies are available from early childhood if required (Rovet et al. 1996; Simpson et al. 2003) , and the most prevalent intervention for KS is testosterone treatment commencing in puberty, which can have both short-and long-term medical benefits in addition to profound positive psychosocial effects (Nielsen et al. 1988) . Therefore, the issues of both late diagnosis and nondiagnosis of KS are regarded as problematic, as these individuals may indeed benefit from available medical, educational and psychosocial interventions.
As KS is not usually obvious in childhood, early detection could only be ensured by population screening. Given its high prevalence, significant under-diagnosis and available treatment options, KS is an ideal candidate for a postnatal, population-based genetic screening program. However, there may be downsides to such a program: ultimately, it remains unknown how 'life is' for the currently undiagnosed majority of individuals with KS, and it may be that early detection would not only fail to improve QoL, but could even cause harm (e.g. by damaging self-esteem, identity formation or parent-child bonding). Given these potential harms and taking into consideration available treatments, it is important to explicitly ask whether screening for KS is ethically and socially appropriate, rather than simply assume that it is.
The framework
This framework is designed to be used as a tool for providing refined information to assess potential individual risks and benefits of diagnosis and non-diagnosis of a particular condition where these are not immediately evident and allows the consideration of multiple interrelated outcomes. Table 1 shows the steps involved in constructing the framework, which we have applied using KS as an example. This framework elucidates the key issues that need to be resolved in relation to screening for KS.
Identify developmental stages or age points where screening could occur The initial step in structuring the framework is to determine hypothetical condition-specific age points where implementing population-based screening might be appropriate. For KS, we determined the most suitable points by considering:
& Logistical factors-ages and settings where large numbers of the population are together at the same time and place, so that screening is logistically easier to implement, more cost-effective and likely to reach a significant proportion of the target population. & Developmental factors-ages representing significant points in development, both an individual's general development and the development of the condition, where specific treatments and interventions become particularly relevant.
Based on these, specific age points were chosen for comparison to the most common scenario of never being diagnosed as shown in Table 2 .
Each point has its own unique set of medical, psychosocial, community, social, economic, cultural and ethical factors influencing possible outcomes of diagnosis. Therefore, as the risks and benefits under each point will be weighted differently, they must be analysed individually (e.g. the most logistically suitable screening point may be the least psychosocially beneficial).
Classify the known potential consequences of diagnosis and non-diagnosis at each specified age point Next is consideration of the different types of medical and psychosocial consequences that could result from diagnosis and non-diagnosis:
& The known natural history of the condition is used to classify specific subcategories and predict possible consequences within each. This is achieved by considering significant points in management (e.g. testosterone treatment) in relation to individual general development (e.g. onset of puberty).
Figure 1 demonstrates this method of categorisation, which allows for clear identification of the consequences of being diagnosed versus not being diagnosed. This is an important distinction because missed past opportunities for treatments and interventions are distinct from missed future opportunities. For example, a benefit of being diagnosed with KS at high school entry is that testosterone treatment can be implemented if and when required, while a risk of NOT being diagnosed at this point is that testosterone treatment will not be implemented if and when required, potentially resulting in testosterone deficiency and the accompanying health consequences. In considering the prospective risks and benefits of not being diagnosed at a particular point, it has been assumed that diagnosis will occur at the next hypothetical screening point.
The psychosocial risks of being diagnosed mirror the psychosocial benefits of not being diagnosed, and so only the consequences of diagnosis need be included in the framework (e.g. a potential risk of being diagnosed is experiencing stigmatisation, whereas a potential benefit of not being diagnosed is not experiencing stigmatisation).
Identify existing information about these consequences and highlight the evidentiary gaps
In the previous step, all known, probable and possible risks and benefits of diagnosis and non-diagnosis were identified from the literature and placed in the framework. Insert article references in each box to both support and supplement each possible consequence:
& Seek information from condition-specific studies (e.g. evidence for benefits of testosterone treatment). & Seek information from studies of other genetic conditions similar in regards to 1. screening and diagnosis properties (e.g. newborn screening for cystic fibrosis may impact on parentchild bonding (Grosse et al. 2004) ). 2. phenotypic properties (e.g. assistance for specific learning difficulties may improve school performance (Aram and Nation 1980) ).
We developed basic categories indicating the type of evidence provided by each source of information:
& Direct (pertaining directly to KS), & Indirect (pertaining to another condition but applicable to KS), or & Speculative (theoretically possible and probable, given the nature of the condition, but without data to provide direct or indirect evidence).
References are organised according to these categories and listed against each potential risk and benefit in the framework. This process clearly identifies where little or no information exists.
Conduct research (if appropriate) that aims to fill the evidentiary gaps
For conditions where significant evidentiary gaps are identified, it must be decided whether additional information through further research is required before any recommendation for screening can be made. It may not be Table 1 Key steps involved in using the framework Identify developmental stages or age points where screening could occur Classify the known potential consequences of diagnosis and non-diagnosis at each specified age point Identify existing information about these consequences and highlight the evidentiary gaps Conduct (if appropriate) research that aims to fill the evidentiary gaps Consider and compare the individual consequences of diagnosis and non-diagnosis to inform a decision regarding screening essential or possible to conduct the research in the time needed to make a decision. Where further research is required and will be conducted, the framework provides a solid foundation from which a suitable protocol can be designed. In cases where no gaps are identified, the framework simply contributes to the overall process of program consideration.
In regards to KS, the framework clearly identifies a lack of knowledge regarding the psychosocial impact of being diagnosed with and living with the condition. There is also little knowledge of how age at diagnosis impacts on QoL and other outcomes in adulthood.
Consider and compare the individual consequences of diagnosis and non-diagnosis to inform a decision regarding screening The final step involves weighing up the potential positive and negative consequences of diagnosis or non-diagnosis for individuals at each point, to identify at which one the consequences of being diagnosed are most beneficial overall. In some cases, it may be quite clear where overall advantages outweigh overall disadvantages. However, quantifying risks and benefits that include both medical and psychosocial elements is difficult, even where there is reliable evidence. When considering conditions with highly variable phenotypes, there will inevitably be some degree of uncertainty. To deal with this, a scoring system including a numerical means of weighting each consequence according to probability and magnitude can be incorporated into the framework.
It is also important to allow for future developments in treatment and technology to be incorporated into the framework. In KS, it has been suggested that cryopreservation of sperm or stem germ cells early in puberty and prior to testosterone treatment, may soon be an option (Paduch et al. 2009 ). This procedure would only be possible if individuals were identified prior to this developmental point. Given that infertility is the most consistent feature of KS, an intervention for this would impact significantly on the overall weighing up of risks and benefits.
Broader applications
Used in conjunction with established screening guidelines and broader evaluation processes (for example, as a tool to assess the clinical utility of a test as part of the ACCE Model Process (Haddow and Palomaki 2003) ), the framework can contribute to the assessment of ethical, social, legal and economic issues associated with possible screening programs to determine the most appropriate action regarding the implementation of such programs.
The framework itself does not produce a definitive answer about whether or how screening should be introduced. It is still necessary to decide how much evidence is sufficient for making an informed decision. A complete evidence base is not always available (and may never be); seeking more evidence before a decision regarding the implementation of a genetic screening program costs time and money. In addition, this framework only addresses the individual consequences of diagnosis and non-diagnosis with a particular condition. Whilst this is one important criterion in deciding whether to screen, it is not the only one. Other ethical and public health criteria relate to social goods, including benefit to society at large, economic considerations, and the risk to healthy individuals of false positives. As stated above, existing guidelines have been developed to account for these other factors. The value of this framework is in providing a better assessment of the specific factors which contribute to the overall impact on individuals who are diagnosed as a result of the screening program. 
Conclusion
This framework has a user-friendly structure, providing a systematic assessment of available evidence for one aspect of the consequences of screening, and a clear method of visualisation. For genetic conditions such as KS which do not fit a traditional disease model, the assessment of potential consequences within this structure prevents overgeneralisation or reliance on clinical or personal experience.
Using this framework to assess the impact on an individual of diagnosis with KS through a screening program identifies key knowledge gaps and areas of incomplete information. Further research is required. In the interim, the implementation of any genetic screening program for KS should initially be regarded as a pilot program, done primarily for research purposes. It should be closely monitored and evaluated, and the data collected from it be used to re-evaluate the appropriateness of the Fig. 1 Structure of the framework using categories and subcategories, as described in
Step 2.
Step 3 involves inserting article references which show evidence for each potential consequence, and then grouping the type of evidence provided by each reference. This box is repeated for each potential screening point selected screening program, before it is extended any further. KS is a pertinent example of a genetic condition where a pilot screening program may be the only way to garner invaluable information about the hidden undiagnosed population, about which we can only currently speculate. These same considerations would apply to other genetic conditions with variable phenotype, strong psychosocial component and interventions of uncertain benefit.
